All variations we observed were concordant with the phylogeny of M. tuberculosis. We could 3 0 4 thus infer the most likely structure of CRISPR locus of M. tuberculosis complex sensu stricto 3 0 5 (without M. canettii), as well as its structure in all MRCA lineages. We found that global 3 0 6 MRCA likely carried a full set of cas genes, a CRISPR with 69 spacers (the 68 spacers of and 68 (DR5). An ancestral and central IS6110c was inferred to lie at the same place as the 3 1 0 one occupied in H37Rv, i.e. between spacers 34 and 35 (Figure 4) . A deletion of DVR 54 to 3 1 1 61 characterized MRCA of lineages 2, 3, 4 and 7, which is not documented in the classical 3 1 2 form of the spoligotype as these spacers are not belonging to its set of 43 spacers. Other sublineages. For instance, the deletion of spacers #33-36 in the old nomenclature for L4/Euro-3 1 5
American lineage (previously referred to as T family) corresponds to the deletion of DVR43 3 1 6 to 50. Another example is the deletion of spacers #29-32, presence of spacer #33 and absence 3 1 1 1 of spacer #34 characteristic of Lineage 1 (previously referred to as EAI) (Filliol, et al., 2003) 3 1 8 that corresponds to the deletion of DVR39 to 42, presence of DVR43 and absence of DVR44 convergence of IS copy numbers (Roychowdhury, et al., 2015) . The final result is the change 4 0 0 from x to x-1 copies of IS6110, with the loss of all spacers between the two copies. This finally a deletion occurred leading to the loss of spacers 35 to 41 for some isolates such as 4 0 5 ERR234259. It therefore seems reasonable to think that after the insertion after spacer 41, this 4 0 6 copy of IS6110 has recombined with the one upstream of spacer 35. This mechanism is also at 4 0 7 work elsewhere in the Haarlem isolates between csm5 and spacer 34 and between csm5 and IS6110 insertions can take place in spacers or in DR and it is not necessary for an IS to be in a 4 1 0 DR to be able to recombine. For instance, in many L4.3 (LAM) clinical isolates where spacers found in the exact same order in undeleted isolates such as H37rv. This suggests that an 4 1 4 IS6110 copy was first inserted at the end of spacer 31, and that it later recombined with the 1 4 one located between spacers 34 and 35. This recombination did not modify the flanking 4 1 6 sequences.
1 7
The orientation of the two IS6110 copies that recombined cannot always be derived due to the 4 1 8 lack of the ancestral versions. Still in several cases, we could identify isolates related to the 4 1 9 deleted ones, that carry the two IS6110 flanking the future deletion. This is true for the 4 2 0 IS6110 insertions having led to the deletion described in Figure 4 . In that case, both 4 2 1 insertions were in the reverse sense as compared to H37Rv orientation and can be called IS6110c. In another case, the isolate with two IS6110 insertions is SRR5073887 (L4.4.1): it 4 2 3 carries not only the standard IS6110c insertion between spacers 34 and 35 but also an IS6110 4 2 4 insertion in the sense direction at the 439 th nt of csm6. The deletion in ERR2653229 (also the 5' end relative to their transcription direction (Barrangou, et al., 2007; Makarova, et al., 4 5 0 2018). It may therefore be expected that variations do not affect symmetrically this locus. To showed that transcription occurs from spacer 1 towards spacer 68 (Wei, et al., 2019) . We from (Ignatov, et al., 2015; Rodriguez, et al., 2014) (Refregier et al. unpublished results) . The 4 5 6 orientation presented in this study is thus the functional one. According to classical CRISPR 4 5 7 expansion mechanism, the introduction of new spacers occurs at the 5' end of the locus, so 4 5 8 that the most ancient DVR lies at its 3' end.
5 9
In contradiction with the remarkable feature that most ancient DR carry mutations in all could have been much more important for MTC evolution than selection in human 4 7 0 populations (Pepperell, et al., 2010) . Yet, the presence of mutations in several DR at the 3' 4 7 1 end of the locus could also play a role in its stability. In contrast, we detected an asymmetry concerning the loss of flanking sequences: it was 4 7 3 apparently more frequent to have a loss of the beginning sequences of CRISPR, on the side of the cas genes (several independent isolates from L2 and from L4) than to have a loss of the relates to IS6110 insertion frequency as IS are always involved in large deletions. Saying that 4 8 0 IS6110 insertions are more likely on the cas gene side suggests either their lower impact on 4 8 1 bacterial fitness, or a DNA superstructure that would favor IS insertions. Other IS exist in the 4 8 2 genome that could also insert in a favorable region. Their presence in CRISPR region would 4 8 3 be a sign that it is an integration hot spot. However, our script was designed to look only for 4 8 4 insertion in cas gene that also lead to a deletion in the CRISPR in at least one of the explored have overlooked non-IS6110 insertions, we did not encounter it in around 500 randomly sequences needs other studies to be completely solved. Cas2 proteins, and 2) immunity by the transcription of CRISPR locus, processing with the 4 9 4 help of Cas6 protein in the case of type III-A CRISPRs, and degradation of DNA and/or RNA complex involving the crRNA and other Cas proteins. By exploring the diversity of many 4 9 7 genomes at the CRISPR locus, we are able to infer the effectivity of adaptation processes. Regarding immunity, we can only state whether the necessary genes are present or not. In the whole M. tuberculosis complex sensu stricto, we could find only the 68 spacers already 5 0 0 present in the MRCA (van Embden, et al., 2000) . We found no evidence that a single clinical 5 0 1 isolate has acquired a new spacer in the course of MTC evolution. This seems particularly 5 0 2 surprising as most currently spreading isolates apart those from L2 still carry the full set of systems. This could be due to a mutation in M. tuberculosis ancestor that has abolished Cas1 5 0 5 and/or Cas2 functionality in the ancestor. Another reason could be that MTC, given its intra- as phages or plasmids. These two phenomena could also be linked: a loss of functionality of ancestral CRISPR locus (Weill, et al., 2017) and (FX Weill, personal communication). Hence, 5 1 3 the functionality of Cas1 and Cas2 of MTC remains to be explored.
1 4
Regarding immunity, this study only focused on the full presence or absence of cas genes 5 1 5 without exploring in detail SNP variations. As stated previously, 23/198 (12%) lacked at least 5 1 6 part of the cas genes. Among these yet, all isolates still carried the cas6, cas10/csm1, csm2, 5 1 7 and csm3 genes. This observation matches that made previously on CRISPR clinical isolates 5 1 8 (Freidlin, et al., 2017) . Cas6 protein is involved in pre-crRNA processing. Cas10/Csm1 and 5 1 9
Csm3 are the enzymes responsible for the catalytic activity of the crRNP (Kazlauskiene, et al., Samai, et al., 2015) . Hence, regarding immunity, even if the spatial structure of the 5 2 1 crRNP may be impaired by the absence of csm4 and/or csm5 in some isolates, it could remain 5 2 2 possible that immunity occurs in all MTC isolates through the consecutive actions of Cas6 to 5 2 3 process pre-crRNA and of Cas10/Csm1 and Csm3 to degrade DNA and/or RNA. The fact that 5 2 4 none of the spacer is conserved in all isolates implies that, if immunity occurs, it does not 5 2 5 always target the same DNA and/or RNA sequences. In MTC, the CRISPR locus is a likely witness of a previous yet unknown evolutionary history 5 3 0 of phage DNA invaders defense, whereas IS6110 is a specific MTC element that belongs to 5 3 1 the IS3 family that, through transposition, also plays a permanent role in shaping MTC IS1081, IS1533, IS1547, IS1560), but IS6110 is the one with the largest number of copies in 5 3 6 most isolates and especially in the reference isolate H37Rv (Cole, et al., 1998) . IS1547 was 5 3 7 previously shown to play a role in MTC evolution however it remains poorly investigated 5 3 8 (Fang, et al., 1999) . IS6110-RFLP was the golden standard to define epidemiological clusters , et al., 2006; van Embden, et al., 1993; van Soolingen, et al., 2007) and Perez-Lago, 2018)). Previous results on IS6110 insertion sites have shown that 5 4 4 independent IS6110 copy acquisition through transposition into hot-spots was a common 5 4 5 mechanism explaining convergence in IS6110 copy number in some of the MTBC 5 4 6 sublineages (Dale, et al., 2003; Roychowdhury, et al., 2015) . A recent paper on the micro-and interest of such studies using WGS (Shitikov, et al., 2019) . The role of the ipl (Insertion 5 4 9
Supply
Preference Locus) was also stressed long time ago and showed consequences on the CRISPR 5 5 0 locus (Fang, et al., 1999; Fang, et al., 1999; Fang and Forbes, 1997) , however no generalized 5 5 1 observations on IS-CRISPR genomics dynamics had been done so far before this study. Our study, by providing an in-depth reconstruction of the CRISPR locus of MTC using short of the CRISPR Locus on MTC, our study opens the way to new in-depth congruence analysis , e t a l .
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